Last-century forest productivity in a managed dry-edge Scots pine population: The two sides of climate warming by Marqués López, Laura et al.
Last-century forest productivity in a managed dry-edge Scots
pine population: the two sides of climate warming
LAURA MARQUES,1,5 JAIME MADRIGAL-GONZALEZ,1 MIGUEL A. ZAVALA,1 JESUS JULIO CAMARERO,2 AND FLORIAN HARTIG3,4
1Forest Ecology and Restoration Group, Department of Life Sciences, Universidad de Alcala, Campus Universitario,
Alcala de Henares 28871 Spain
2Instituto Pirenaico de Ecologıa (IPE–CSIC), Avenida Monta~nana, 1005, Zaragoza 50192 Spain
3Biometry and Environmental System Analysis, University of Freiburg, Tennenbacherstrasse 4, Freiburg 79106 Germany
4Theoretical Ecology, Faculty of Biology and Pre-Clinical Medicine, University of Regensburg, Universit€atsstraße 3,
Regensburg 93053 Germany
Abstract. Climate change in the Mediterranean, associated with warmer temperatures and
more frequent droughts, is expected to impact forest productivity and the functioning of forests
ecosystems as carbon reservoirs in the region. Climate warming can positively affect forest
growth by extending the growing season, whereas increasing summer drought generally
reduces forest productivity and may cause growth decline, trigger dieback, hamper regenera-
tion, and increase mortality. Forest management could potentially counteract such negative
effects by reducing stand density and thereby competition for water. The effectiveness of such
interventions, however, has so far mostly been evaluated for short time periods at the tree and
stand levels, which limits our confidence regarding the efficacy of thinning interventions over
longer time scales under the complex interplay between climate, stand structure, and forest
management. In this study, we use a century-long historical data set to assess the effects of
climate and management on forest productivity. We consider rear-edge Scots pine (Pinus syl-
vestris) populations covering continental and Mediterranean conditions along an altitudinal
gradient in Central Spain. We use linear mixed-effects models to disentangle the effects of alti-
tude, climate, and stand volume on forest growth and ingrowth (recruitment and young trees’
growth). We find that warming tends to benefit these tree populations, warmer winter tempera-
ture has a significant positive effect on both forest growth and ingrowth, and the effect is more
pronounced at low elevations. However, drought conditions severely reduce growth and
ingrowth, in particular when competition (stand volume) is high. We conclude that summer
droughts are the main threat to Scots pine populations in the region, and that a reduction of
stand volume can partially mitigate the negative impacts of more arid conditions. Mitigation
and adaptation measures could therefore manage stand structure to adopt for the anticipated
impacts of climate change in Mediterranean forest ecosystems.
Key words: competition; drought stress; rear-edge; Scots pine; shelterwood management; stand volume;
summer water deficit.
INTRODUCTION
Forest ecosystems are of global importance as carbon
reservoirs (Pan et al. 2011) and as providers of ecosystem
services (Millennium Ecosystem Assessment 2005). The
future of many of these key ecosystem services, however,
is in peril, due to imminent climate change (Anderegg
et al. 2013, Nabuurs et al. 2013). Arguably, the two most
important climatic constraints in seasonal biomes are low
winter temperatures and reduced water availability in
summer or the respective dry period (Churkina and
Running 1998). Low winter temperatures limit growth by
shortening the growing season, reducing meristem activ-
ity, and indirectly by depressing photosynthetic rates
(K€orner 2015). Water deficit reduces forest productivity
and growth, and can in extreme cases lead to dieback
episodes due to heat stress and dry spells (Vicente-
Serrano et al. 2013, Anderegg et al. 2015). As climate
change is expected to modify both winter temperature
andwater availability, it may have major impacts on forest
ecosystems (Binkley et al. 2004, Schulze et al. 2005). The
nature of this impact, however, is highly dependent on the
balance of the limiting factors present at a particular site
(Boisvenue and Running 2006). Rising temperatures
could amplify drought frequency and severity, resulting in
a decline of forest productivity in drought-prone areas
(Allen et al. 2010). On the other hand, an extended grow-
ing season may benefit forest growth, as observed in
alpine areas of Central Europe (Pretzsch et al. 2014).
Moreover, these reactions can be modified by stand struc-
ture and management (Frelich 2002). Only when consider-
ing all processes together can we expect to correctly
understand how forests respond to climate change.
One of the ecosystems most vulnerable to climate
warming is the Mediterranean Basin (Schr€oter et al.
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2005). Predictions agree that rising temperature and
more severe heat waves and dry spells will occur in this
region in the future (see, e.g., Nogues Bravo et al. 2008
for the period of 2070–2099), potentially reducing forest
growth and increasing tree mortality (Galiano et al.
2010, Camarero et al. 2015b). The terrestrial carbon
sequestration in Mediterranean forests currently ranges
between 0.01–1.08 Mgha1yr1 (Croitoru and Merlo
2005). Climate change threatens this important ecosys-
tem service provided by Mediterranean water-limited
forest (Fischlin et al. 2007, Vayreda et al. 2012). The
combination of warm and dry periods makes the sum-
mer a particularly critical moment for the performance
of Mediterranean tree species (Pe~nuelas et al. 2011,
Galvan et al. 2014). This is especially true for tree popu-
lations forming the species southernmost distribution
limit (rear edge), subjected to xeric conditions, whose
growth and recruitment dynamics are often hampered
by water shortage (Hampe and Petit 2005, Benavides
et al. 2016, Marques et al. 2016). On the other hand, the
same species may face continental Mediterranean condi-
tions in inland regions, where dry summers, but also cold
winters, constrain forest growth and affect tree perfor-
mance and survival (Herguido et al. 2016). In Mediter-
ranean mountain areas, forest growth responses to
climate change drastically along altitudinal gradients
(Candel-Perez et al. 2012, Sanchez-Salguero et al.
2015a). Warmer winter temperatures may have a positive
effect on forest productivity by extending the growing
season (Menzel and Fabian 1999, Pe~nuelas and Filella
2001), particularly at higher elevations (Wullschleger
et al. 2002). However, climate change might also alter
hardening processes, making trees more vulnerable to
frost damage including xylem embolism caused by
freeze-thaw cycles (Camarero et al. 2015a).
The dependence of tree performance on climate can
be modified by forest management. In recent years,
much attention has been devoted to better understand-
ing the interplay between these two factors, in particular
for developing mitigation and adaptation options to
address climate change impacts on forest productivity
and carbon stocks (Klein et al. 2007, IPCC 2014). Look-
ing at adaptation options for reducing the effect of cli-
mate change, modifying stand density has attracted
particular interest (Spiecker 1999). Competition has
been shown to modulate forest productivity and stand
growth responses to climate (Magruder et al. 2013).
Individual size and tree population density may aggra-
vate the negative impacts of drought on forest productiv-
ity in drought-prone areas as the Mediterranean Basin
(Sanchez-Salguero et al. 2012, Ruiz-Benito et al. 2013).
Studies suggest that thinning will benefit trees through
reduced competition for space and higher water uptake
(Martın-Benito et al. 2010, Giuggiola et al. 2013, Sohn
et al. 2016). Adaptation through managing the amount
and distribution of individual trees in a stand is therefore
a promising tool to maintain population stability
(Keenan 2012) and to preserve future carbon reservoirs.
Many previous studies that examined the interaction of
forest management and climatic factors are based on
experiments (Pretzsch 2009) and retrospective approaches
such as dendrochronology (Camarero et al. 2011). The
experimental approaches are typically limited in temporal
and spatial scale, and results may therefore not extrapo-
late to long-term forest productivity (Rees et al. 2001).
Tree-ring growth studies encompass wide spatial and tem-
poral scales, but often lack information on past manage-
ment legacies, potentially creating biased assessments of
changes in tree growth (Bowman et al. 2013). In addition,
the relationship between stand productivity and individ-
ual tree growth is often complicated, since plasticity, com-
petition, and tree mortality may modify the scaling from
tree to stand-level variables (Pretzsch and Biber 2005).
Information on long-term forest productivity at land-
scape level hence remains scarce. Therefore, existing long-
term forestry data sets are a unique and valuable alterna-
tive source of information on climate-management inter-
actions in forests (e.g., Pretzsch 2006, Madrigal-Gonzalez
and Zavala 2014, Madrigal-Gonzalez et al. 2015), espe-
cially when they are aligned across altitudinal gradients,
which allow estimating the responses of otherwise rela-
tively similar forests to climatic variation and manage-
ment.
In this study, we use such a historical long-term data set
with 113 yr of forest information recorded at decadal
resolution in a continental Mediterranean Scots pine
(Pinus sylvestris) forest situated in Central Spain along a
900-m ample altitudinal gradient. We evaluate how
climatic drivers and management have influenced forest
productivity over the last century. Specifically, we ask
(1) What was the effect of known climatic stressors (winter
coldness and summer drought) on forest productivity?
(2) How does forest productivity response to climate
warming across the altitudinal gradient? (3) To what extent
did historical management practices modulate these
responses and what potential does thus exist for manage-
ment to buffer climate change impacts? We considered two
components of forest productivity: forest growth, which is
estimated as the stand volume of adult trees, and forest
ingrowth, corresponding to growth of dominated individu-
als reaching the canopy. We hypothesize that (1) warm
winter temperatures and cool and wet summer conditions
enhance forest productivity; (2) forest responses to climate
vary along the altitudinal gradient, with larger temperature
sensitivity toward higher elevations and larger drought
stress toward lower elevations; and (3) forest responses to
climate depend on management, specifically that lower
stand volume reduces the vulnerability to drought stress.
MATERIAL AND METHODS
Study area
The study was carried out in the Guadarrama moun-
tain range (latitude 40°580–41°030 N, longitude 3°460–
3°520 W, central Spain), in a managed pine forest
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(named Pinar de Navafrıa and corresponding to M.U.P.
198 in the catalog of public forests of the province of
Segovia). The site covers an area of 2,760 ha, distributed
along an altitudinal gradient from 1,300 to 2,000 m
above sea level (a.s.l., Fig. 1).
The climate in the area is continental Mediterranean,
with cold winters and warm dry summer seasons (Kottek
et al. 2006). Mean annual temperature varies from 10.3°
to 6.5°C and total annual rainfall from 510 to 1223 mm,
upward with the elevation gradient (values obtained
from two meteorological stations: Granja de San Ilde-
fonso 40°460 N, 4°000 W, at 1191 m a.s.l., 23 km, and
Puerto de Navacerrada, 40°470 N, 4°000 W, at 1894 m
a.s.l., 33 km; data provided by the Spanish Meteorologi-
cal Agency, AEMET).
The dominant species in the area is Scots pine (Pinus
sylvestris L.), co-occurring with Pyrenean oak (Quercus
pyrenaica Willd.) and shrubs (Cistus laurifolius L., Cyti-
sus scoparius (L.) Link). In the highlands, Scots pine and
common juniper (Juniperus communis L.) are present.
The understory is generally weakly developed. Sedimen-
tary substrates form sand soils and have low potential
storage of organic carbon.
Scots pine is one of the most widespread conifer spe-
cies. It reaches its southern and dry distributions limits
in the Iberian Peninsula (Barbero et al. 1998). Scots pine
is one of the more drought-vulnerable pine species
occurring in southern Europe, and several drought-
induced dieback episodes characterized by growth
decline and increased mortality of recruits have been
described in response to dry spells, particularly near the
species rear edge (Martınez-Vilalta and Pi~nol 2002,
Eilmann and Rigling 2012, Herrero et al. 2013, Camarero
et al. 2015b, Galvan et al. 2015). Notably, also winter
drought and sharp drops in air temperature have been
also identified as drivers of forest dieback in rear-edge
Scots pine populations subjected to continental Mediter-
ranean conditions (Camarero et al. 2015a).
Forest data: growth and ingrowth measurements
To study forest dynamics in the area, we digitized data
from historical forest management archives. These plans
contain forestry information reviewed every 10 yr since
1896, until its last update in 2008. With over a century,
this is an exceptionally long time series. At stand level,
the data includes height, diameter at breast height (dbh,
measured at 1.3 m), stand volume, stand density, and
thinning practices (Appendix S1: Table S1). In the his-
toric data, the forest had been subdivided into nine
FIG. 1. (a) Distribution of Scots pine forests in Europe and (b) geographical situation of the study area in central Spain. (c)
Map of the study site in the Guadarrama range (Segovia, central Spain). Solid black lines show the forest division into 45 experi-
mental units.
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subunits (named cuarteles in Spanish; 305 ha mean size),
and each of these subunits was further partitioned into
five stands (named tramos in Spanish; 61 ha mean size),
resulting in 45 experimental units (see solid lines in
Fig. 1c). For each of those, forest management was
based on shelterwood cutting applied in permanent plots
(Smith et al. 1997) in order to maintain an uneven-aged
forest canopy and provide natural regeneration with
moderate thinning over a 100-yr rotation period.
A number of representative trees belonging to differ-
ent dbh classes (20–29, 30–39, 40–49, 50–59, 60–69,
>70 cm) were harvested every decade by forest techni-
cians. From these selected trees, the trunk was subdi-
vided into smaller pieces and the stand volume was
calculated by applying a cylinder equation. Stand den-
sity (N2) in each stand was assessed by counting all the
individuals. Stand volume (V2) was calculated from dbh
and height measurements of each tree considering allo-
metric coefficients estimated from the harvested trees.
Management applied during the years was recorded in
volume (Vt) and density (Nt) of harvested trees. Previous
stand volume (V1) was used as a proxy of competition in
the stands.
We defined forest growth (G) as the increase adult
trees wood volume (m3/ha). Forest ingrowth (I) was
defined as the number of new individuals larger than
20 cm diameter at breast height (dbh), i.e., as an inte-
grated measure of recruitment and young trees’ (poles)
growth (individuals/ha). Both values were estimated for
each 10-yr time interval from the difference in volume
and individuals respectively, considering the thinning
carried out during the decade (Fig. 2a, b):
G ¼ DV ¼ V2  V1 þ Vt (1)
I ¼ DN ¼ N2 N1 þNt (2)
In the equations, V2 is the stand volume at the time t,
V1 is the stand volume at the time t10, and Vt is the
harvested stand volume in the period of 10 yr.
FIG. 2. (a) Growth expressed as changes in stand volume and (b) ingrowth trends of Scots pine during the period 1896–2008. For
both boxplots, the mid solid line indicates the median, whereas lower and upper edges indicate the first and third quartile. The whis-
kers represent maximum and minimum values and the points refer to the outliers. (c) Seasonal climatic patterns shown for decadal
periods: winter temperatures (red points) and summer precipitation (blue bars).
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Analogously, N2 is the stand density at the time t, N1 is
the stand density at the time t  10, and Nt is the har-
vested stand density in the decade. The data to calculate
growth (G) and ingrowth (I) were available for the fol-
lowing periods: 1896–1906, 1907–1917, 1918–1928,
1929–1938, 1939–1948, 1949–1958, 1959–1968, 1969–
1978, 1979–1988, 1989–1998, and 1999–2008.
Climate data
We obtained monthly climatic data (mean tempera-
ture and total precipitation) for the 1901–2008 period
from the 0.5° gridded Climate Research Unit TS3.1
database (Harris et al. 2014), which provides homoge-
nized and quality-controlled climate data. We used the
coordinates 40°300–41°000 N, 3°300–4°000 W to represent
the study area. Data for the 1896–1900 period were
obtained from the Madrid-Retiro station (40°24042″ N,
3°40041″ W, 667 m a.s.l.) and corrected to represent
mid-elevation sites (1650 m). We calculated decadal val-
ues for seasonal climatic data by averaging annual data
of winter temperature (hereafter WiTemp) and summer
precipitation.
Water availability during the summer season is mainly
compromised in the Mediterranean region by reduced
rainfall (Garcıa-Ruiz et al. 2011). To estimate the effect
of summer drought intensity, we used the Standardized
Precipitation Index for the summer months (hereafter
SuSPI), a widely used index calculated as the number of
standard deviations above or below the long-term pre-
cipitation over a time period (McKee et al. 1993). We
calculated the September 3-month SPI values, i.e., the
September SPI for drought accumulated up to 3 months
before. To test the robustness against other drought
indices, we additionally calculated the Standardized
Precipitation–Evapotranspiration Index (SPEI, Vicente-
Serrano et al. 2010) for September 6-month time scales
(hereafter SPEI6).
The climate in the study area shows rising winter tem-
peratures (P < 0.001) in the 20th century, as well as
increasing summer drought severity is observed toward
the end of the study period (Fig. 2c). The driest periods
were the 1910s, 1930s, 1980s, 1990s, and 2000s.
Data analyses
We fitted linear mixed-effects models to evaluate for-
est growth and forest ingrowth responses to changes in
climate and management. The models had the following
form
GrowthV1  SuSPIþAltitude WiTempþ ð1jIDÞ (3)
IngrowthV1  SuSPIþAltitudeþ ð1jIDÞ (4)
where (1|ID) referred to a random intercept on the
grouping factor site ID, and the fixed effects were
previous stand volume (V1), SuSPI, and their interaction,
which reflects our main hypothesis that changes in stand
volume may modify drought sensitivity; and altitude,
WiTemp, and their interaction, in order to test the effect
of warming winter along the elevation gradient. All con-
tinuous predictor variables were standardized (i.e., the
mean was subtracted from the variable, and the resulting
value was divided by the variable’s standard deviation).
The standardization improves the interpretability of
effect sizes and interactions. Residuals of the models were
checked for normality and homoscedasticity. As the ini-
tial model showed heavier tails than expected under a
normal distribution, we applied power transformations
on the response variables (see Appendix S2). The
percentage of variance explained by fixed (R2f) and
random effects (R2r) of the best model were calculated
using the method of Nakagawa and Schielzeth (2013).
Since the random effect variance for growth model was
relatively small, we tested if random effect variances were
significantly different from zero, using a simulated likeli-
hood ratio tests (see Appendix S2). Additionally, we
fitted a larger model including SPEI6 and ran a global
model selection.
All statistical analyses were performed using the R
statistical software (R Development Core Team 2015).
We fitted linear mixed-effects models using the lme4
package (Bates et al. 2015) and calculated P values with
the package lmerTest (Kuznetsova et al. 2015).
RESULTS
Forest productivity responses to climate and management
Across the entire data set, growth ranged between 0
and 10 m3/ha, while ingrowth varied between 0 and 17
individuals/ha along the 20th century (considering 95%
quartiles). The two response variables were moderately
strongly correlated (0.54). There was no clear trend in
growth values along the entire century, but growth
tended to decrease in the drier decades, for example the
2000s (Fig. 2).
The mixed models identified a significant positive
effect of WiTemp and a significant negative effect of alti-
tude and V1 on forest growth (Table 1). The interaction
between WiTemp and altitude showed a significant neg-
ative effect, meaning that the positive effect of warmer
winters on Scots pine growth is stronger at lower altitu-
dinal levels. The interaction between SuSPI and V1 was
significant and positive, meaning that, under drier sum-
mer conditions, Scots pines reacted with lower growth
values when stand volume was higher. The percentage of
growth variance explained by the fixed effects was 10%
(marginal pseudo-R2). Random effect variance was very
small, meaning that the proportion of variance
explained was the same with and without random terms
(conditional pseudo-R2). The result of simulated likeli-
hood ratio tests showed no evidence for a significant
non-zero random effect of plot on growth (P = 0.402).
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For forest ingrowth, we again found a significant posi-
tive effect of WiTemp and a negative effect of altitude
and V1 (Table 1). The interaction between WiTemp and
altitude also had a significant negative effect, revealing
that winter temperature may favor Scots pine ingrowth
strongly at the lower elevations. The interaction between
SuSPI and V1 was positively significant and pointed to
exacerbated adverse effects of summer drought on
ingrowth under increased stand volume. The percentage
of ingrowth variance explained by the fixed effects was
30% (marginal pseudo-R2), while the proportion of
variance explained by both the fixed and the random
terms was 34% (conditional pseudo-R2). The simulated
likelihood ratio tests showed significant support for a
non-zero random effect variance of plot on ingrowth
(P = 0.012).
We checked the residual distribution overall, against
the predicted value, and against all predictors. Although
there were still some slight deviations from normality
after the transformation (indicated by a significant Sha-
piro-Wilk test on the overall residual distribution;
P = 0.01325 for growth model and P = 0.03437 for
ingrowth model), Q-Q plots and residual patterns indi-
cated an overall good fit of the linear mixed models.
Looking at the correlation (see Appendix S2),
WiTemp was only weakly correlated to SuSPI, but
strongly correlated to spring and summer temperature,
as well as moderately strong to SPEI6. Moreover, SPEI6
and SuSPI were moderately strongly correlated. We
additionally tested if the models would be improved by
including a predictor related to water balance (SPEI6).
However, SPEI6 was neither significant in the full
model, nor selected over SuSPI in a global AICc-based
model selection.
Effect of winter temperature along the altitudinal gradient
Our results show that warming winter benefits Scots
pine forests more strongly at lower elevations, for both
growth and ingrowth (interactions between WiTemp and
altitude, Table 1). This is visually depicted in Fig. 3a, b,
which displays the effect of increasing winter tempera-
ture depending for different altitudes.
Effect of management legacies on drought impacts
Our results show that stand structure, and thus man-
agement, does modify drought responses (interactions
between V1 and SuSPI, Table 1). For both growth and
ingrowth, higher stand volume is particularly harmful
under summer drought conditions. To show the quanti-
tative result of this relationship, we used the fitted mod-
els to calculate the effects of increasing stand volume
depending on SuSPI (Fig. 3c, d). The results show that
stand volume (across its considered range) is nearly
inconsequential when water availability is high. Even
stand volume may favor Scots pine growth if there is no
water limitation. Under drought conditions, however,
increasing stand volume markedly reduces forest growth
and ingrowth.
DISCUSSION
In this study, we used a century-long historical data
set on forest productivity across an altitudinal gradient
in a continental Mediterranean forest to evaluate the
response of forest growth and ingrowth to climate and
management legacy effects. Our main findings are that
warmer winter temperature impacted positively on Scots
TABLE 1. Main statistics of the linear mixed-effects models fitted to explain changes in growth and ingrowth of the Scots pine
forest.
Response variables and parameters
Fixed effects Random effects
Estimates SE P Group intercept Variance SD
Growth ID 0.001 0.001
Intercept 3.576 0.044 <0.001
V1 0.132 0.046 0.005
SuSPI 0.044 0.045 0.334
WiTemp 0.155 0.046 <0.001
Altitude 0.228 0.045 <0.001
V1:SuSPI 0.119 0.055 0.030
WiTemp:Altitude 0.166 0.044 <0.001
Ingrowth ID 0.001 0.030
Intercept 1.411 0.007 <0.001
V1 0.079 0.006 <0.001
SuSPI 0.005 0.006 0.381
WiTemp 0.039 0.006 <0.001
Altitude 0.033 0.007 <0.001
V1:SuSPI 0.021 0.007 0.002
WiTemp:Altitude 0.020 0.005 <0.001
Notes: Variables were standardized, so effect sizes are directly comparable. Variable abbreviations are V1, stand volume; SuSPI,
summer Standardized Precipitation Index; WiTemp, winter temperature; SD, standard deviation; ID, site.
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pine forest productivity, more strongly so at lower eleva-
tion; that summer drought negatively affected forest pro-
ductivity; and that drought effects are reduced by lower
stand volume, suggesting that management can amelio-
rate drought impacts.
It was reported before that rising winter temperatures
boosts Scots pine growth and ingrowth, possibly due to
extending the growing season (Tardif et al. 2003, Camar-
ero et al. 2010). This is line with recent studies suggesting
that warming may enhance growth rates when water
shortage does not override the temperature effects
(Scholze et al. 2006, Martınez-Vilalta et al. 2008, Benito-
Garzon et al. 2013, Ruiz-Benito et al. 2014). An increase
of temperatures has been observed in Mediterranean
mountains during the second half of the 20th century
(Garcıa-Ruiz et al. 2011), affecting growth patterns of
Scots pine. Particularly, young trees exhibited a stronger
positive response to increases in temperature than older
trees (Gomez-Aparicio et al. 2011), as we observed ana-
lyzing the ingrowth model. Higher altitude as such nega-
tively affected forest growth and ingrowth, following the
idea that upper distribution limits in mountain pines may
be set by tolerance to low temperatures (Ruiz-Benito et al.
2012) as well as by local factors including slope, aspect,
wind-exposure or soil conditions (K€orner et al. 2016).
Contrary to our expectations, this did not translate into
higher altitudes benefiting more strongly from warmer
temperatures. According to our models, warmer winter
benefited Scots pine productivity more strongly at lower
elevation. However, it is known that growth–temperature
relationships are not linear. The study area is on a
northern slope, where episodes of low solar radiation are
common. Therefore, growth response to warming at
higher altitudes may be moderated since stands grow
overall less. A plausible physiological explanation regards
that rising temperature could advance phenological devel-
opment (Walther et al. 2002, Parmesan and Yohe 2003)
and increase vulnerability to frost damage of plant tissues
due to late frosts (H€anninen 1991, Morin et al. 2007).
Moreover, it is also possible that the observed interaction
between altitude and winter temperature is spurious,
meaning that it does not directly arise through causal
interactions of winter temperature with altitude, but
rather from other environmental variables that happen to
correlate with winter temperature (frost incidence) or with
altitude (CO2, N-deposition).
Our result that summer drought has a strong negative
impact on forest productivity, and that this impact is
mediated by forest structure agree with previous studies
at tree level (Gomez-Aparicio et al. 2011, Vila-Cabrera
et al. 2011, Rigling et al. 2013, Sanchez-Salguero et al.
2015b). The theory behind this observation is that,
although stand volume may sometimes positively affect
forest productivity due to higher regeneration and seed-
ling germination (Harms et al. 1994, Reyes-Hernandez
and Comeau 2015), it generally increases competition
(Hille Ris Lambers et al. 2002). Apart from general
effects on forest dynamics through changes of light and
space availability (Callaway and Walker 1997), strong
competition will exacerbate water shortage and therefore
influence the vulnerability of forest ecosystems to
drought events (McDowell et al. 2008, Zhang et al.
FIG. 3. Expected growth and ingrowth of the Scots pine forest as a function of (a, b) winter temperature (WiTemp) and altitude
and of (c, d) stand volume (V1) and summer Standardized Precipitation Index (SuSPI). Note that parameters are standardized and
response variables (growth and ingrowth) are shown as transformed values. Gradient scale is set from cold (low) to warm (high) colors.
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2015). This motivates the idea that negative effect of
drought may be mitigated to some extent by stand man-
agement, emphasizing the potential of adaptation mea-
sure to reduce the effects of climate change (Millar et al.
2007, Vayreda et al. 2012). Our stand-level findings
agree with recent studies affirming that a reduction of
competition may enhance forest growth in response to
episodic droughts (Linares et al. 2010, Martın-Benito
et al. 2010, Chmura et al. 2011, Bottero et al. 2017).
Although Sohn et al. (2016) suggest that only strong
and frequent thinning interventions will yield substantial
benefits, our results suggest that shelterwood as well is
effective for reducing competition, presumably because
this allows keeping the balance between the capacity of
young trees to absorb the radiation and the protector
effect given by adult trees.
Our analysis used a fixed hypothesis, with predictors
selected based on our ecological understanding of the
system, and the idea that Scots pine forests in Spain are
mainly affected by rainfall decreases and mean tempera-
ture increases (Gutierrez 1989). As precipitation is con-
sidered more critical than temperatures in limiting tree
growth in the summer season, we selected winter temper-
ature and summer precipitation as the two climatic vari-
ables that best respond a priori to our ecological
question. However, a range of other climate variables has
been used in the literature. Apart from winter tempera-
ture (Camarero et al. 2015a, Sanchez-Salguero et al.
2015a), effects were found for winter–spring temperatures
(Herrero et al. 2013, Martın-Benito et al. 2013), summer
temperatures (Gea-Izquierdo et al. 2014), rainfall during
the growing season (Bogino et al. 2009, Sanchez-Sal-
guero et al. 2016), water balance (P-PET) during summer
and the growing season (Sanchez-Salguero et al. 2015a),
or the 3-month scale SPEI for summer (Martın-Benito
et al. 2013). The correlation structure of the environmen-
tal data (see Appendix S2) shows three blocks of climate
predictors: temperature, precipitation, and water balance
predictors such as SPEI and P-PET. While temperature
and precipitation are reasonably independent, water bal-
ance predictors correlate with both temperature and pre-
cipitation, as one would expect. To test if considering
water balance would improve the model, we ran addi-
tional tests including SPEI6, which was more uncorre-
lated with SuSPI. The results suggest that WiTemp and
SuSPI are better predictors for growth and ingrowth that
SPEI6, defending our initial hypothesis.
One limitation of our study toward the goal of under-
standing how forest dynamics will be affected by climate
change is the lack of mortality data in the historical
records used for this study. Another limitation is the
aggregated climatic analysis, dictated by the decadal reso-
lution of the data set, which we attribute as the cause for
the relatively low amount of growth variance explained
by climate. Growth is likely influenced not only by deca-
dal means, but also by yearly climatic variability includ-
ing climate extremes (Coumou and Rahmstorf 2012).
Nevertheless, our analysis shows that there is information
in this data, evidenced by significant effects of climate
and competition, and historical data such as used in this
study presents a unique opportunity to complement other
data types with their own limitations. Thus, there is a
great opportunity for forestry science digitizing more of
the many long-term data sets that still reside on paper in
the archives of forestry services. In the future, such data
could also be combined with other data sources, for
example dendrochronological data on yearly radial tree
growth, to allow a more detailed analysis of the variabil-
ity in growth and ingrowth processes.
CONCLUSIONS
Our study confirmed the expectation that warmer win-
ter temperatures favor forest growth and ingrowth of Scots
pine populations, while water shortages and droughts lim-
its the same processes. We found significant evidences that
altitude modulated the effect of winter temperature, albeit
in a somewhat unexpected way: the positive effects of war-
mer winters were stronger in low altitudes than in high
altitudes. We also found strong significant evidence for the
fact that water limitation depended on stand volume. It is
therefore possible to adapt to increasing drought propen-
sity by stand management.
Our study is one of the first attempts to examine the
role of climate and management legacies on productivity
at a landscape scale in a rear edge forest. Our results
highlight the danger of climate change for these forests,
but also point to potential adaptation and mitigation
measures. The presented findings are also relevant to
better understand what pressures act on rear-edge tree
populations and managed forests worldwide, with the
goal of preserving their functioning in the future.
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